to contract in response to increases in intraluminal pressure. Although mechanosensitive ion channels are thought to initiate VSMC stretch-induced contraction, their molecular identity is unknown. Recent reports suggest degenerin/epithelial Na ϩ channels (DEG/ENaC) may form mechanotransducers in sensory neurons and VSMCs; however, the role of DEG/ENaC proteins in myogenic constriction of mouse renal arteries has not been established. To test the hypothesis that DEG/ ENaC proteins are required for myogenic constriction in renal vessels, we first determined expression of ENaC transcripts and proteins in mouse renal VSMCs. Then, we determined pressure-and agonistinduced constriction and changes in vascular smooth muscle cytosolic Ca 2ϩ and Na ϩ in isolated mouse renal interlobar arteries following DEG/ENaC inhibition with amiloride and benzamil. We detect ␣-, ␤-, and ␥ENaC transcript and protein expression in cultured mouse renal VSMC. In contrast, we detect only ␤-and ␥-but not ␣ENaC protein in freshly dispersed mrVMSC. Selective DEG/ENaC inhibition, with low doses of amiloride and benzamil, abolishes pressure-induced constriction and increases in cytosolic Ca 2ϩ and Na ϩ without diminishing agonist-induced responses in isolated mouse interlobar arteries. Our findings indicate that DEG/ENaC proteins are required for myogenic constriction in mouse interlobar arteries and are consistent with our hypothesis that DEG/ENaC proteins may be components of mechanosensitive ion channel complexes required for myogenic vasoconstriction. mechanotransduction; renal blood flow autoregulation; amiloride; benzamil; isolated renal vessel; stretch-activated cation channel; calcium; sodium MYOGENIC VASOCONSTRICTION is an intrinsic property of most resistance vessels characterized by a decrease in luminal diameter in response to an increase in intraluminal pressure. The response is important in establishing basal vascular tone and maintaining blood flow autoregulation. It is well established that vascular smooth muscle (VSM) membrane depolarization and subsequent Ca 2ϩ influx via voltage-gated Ca 2ϩ channels mediate myogenic constriction (23, 32, 36) . However, the mechanism that transduces mechanical stimuli (pressure-induced stretch) into a cellular event (depolarization) is less understood. Although mechanosensitive nonselective cation channels are thought to initiate pressure-induced depolarization (9, 29, 38, 46) , the molecule(s) involved has not been identified.
Although mechanosensitive ion channels are thought to initiate VSMC stretch-induced contraction, their molecular identity is unknown. Recent reports suggest degenerin/epithelial Na ϩ channels (DEG/ENaC) may form mechanotransducers in sensory neurons and VSMCs; however, the role of DEG/ENaC proteins in myogenic constriction of mouse renal arteries has not been established. To test the hypothesis that DEG/ ENaC proteins are required for myogenic constriction in renal vessels, we first determined expression of ENaC transcripts and proteins in mouse renal VSMCs. Then, we determined pressure-and agonistinduced constriction and changes in vascular smooth muscle cytosolic Ca 2ϩ and Na ϩ in isolated mouse renal interlobar arteries following DEG/ENaC inhibition with amiloride and benzamil. We detect ␣-, ␤-, and ␥ENaC transcript and protein expression in cultured mouse renal VSMC. In contrast, we detect only ␤-and ␥-but not ␣ENaC protein in freshly dispersed mrVMSC. Selective DEG/ENaC inhibition, with low doses of amiloride and benzamil, abolishes pressure-induced constriction and increases in cytosolic Ca 2ϩ and Na ϩ without diminishing agonist-induced responses in isolated mouse interlobar arteries. Our findings indicate that DEG/ENaC proteins are required for myogenic constriction in mouse interlobar arteries and are consistent with our hypothesis that DEG/ENaC proteins may be components of mechanosensitive ion channel complexes required for myogenic vasoconstriction. mechanotransduction; renal blood flow autoregulation; amiloride; benzamil; isolated renal vessel; stretch-activated cation channel; calcium; sodium MYOGENIC VASOCONSTRICTION is an intrinsic property of most resistance vessels characterized by a decrease in luminal diameter in response to an increase in intraluminal pressure. The response is important in establishing basal vascular tone and maintaining blood flow autoregulation. It is well established that vascular smooth muscle (VSM) membrane depolarization and subsequent Ca 2ϩ influx via voltage-gated Ca 2ϩ channels mediate myogenic constriction (23, 32, 36) . However, the mechanism that transduces mechanical stimuli (pressure-induced stretch) into a cellular event (depolarization) is less understood. Although mechanosensitive nonselective cation channels are thought to initiate pressure-induced depolarization (9, 29, 38, 46) , the molecule(s) involved has not been identified.
Members of the degenerin/epithelial Na ϩ channel (DEG/ ENaC) family have recently been identified as mechanosensors in a variety of species and cell types (2, 17, 20, 28, 33) . In mammals, DEG/ENaC proteins are found at several important sites of mechanotransduction, including dorsal root ganglion, arterial baroreflex sensory neurons, osteoblasts, keratinocytes, and vascular smooth muscle cells (VSMCs) (5, 12-14, 18, 30, 34) . Two subfamilies of proteins are expressed in mammals: ENaC and acid-sensing ion channel. Acid-sensing ion channel proteins are activated by protons and have only been identified in neural tissue and sensory epithelia (33, 45) . ENaC proteins are expressed in a diverse range of cell types but are highly expressed in epithelial cells of the kidney, lung, and colon, where they play a rate-limiting role in Na ϩ and water transport (2, 6, 17, 20, 28, 33) . Because DEG/ENaC family members are required for mechanotransduction in many species and share similar single-channel conductance with mammalian mechanosensitive ion channels found in VSMCs (10, 26) , ENaC proteins may also be required for mechanotransduction in VSMCs.
Recently, our laboratory demonstrated the presence of ␤-and ␥ENaC transcripts and proteins in rat cerebral VSM. Furthermore, the specific ENaC inhibitors, amiloride and benzamil, were found to block pressure-induced constriction in isolated rat middle cerebral arteries (14) . These data provide evidence that DEG/ENaC proteins may be involved in the myogenic response. Similar to cerebral blood flow, renal blood flow is tightly autoregulated, a presumed protective mechanism against target end-organ injury due to hypertension. Therefore, we hypothesize ENaC proteins are expressed in mouse renal VSM and are required for myogenic vasoconstriction. To test this hypothesis, we first determined whether ␣-, ␤-, and ␥ENaC transcripts and proteins are expressed in mouse renal VSMCs (mrVSMCs) using RT-PCR, immunoblotting, and immunolocalization. We then examined the effect of the specific DEG/ENaC inhibitors, amiloride and benzamil, on myogenic-and agonist-induced vasoreactivity and changes in cytosolic Ca 2ϩ and Na ϩ in isolated mouse interlobar arteries. Our findings suggest that ENaC proteins are expressed in mrVSMCs and play a pivotal role in the myogenic response.
(1:100), and a sheep anti-␤-ENaC antibody, directed to the NH2 terminus (1:2,500), were used for immunostaining and Western blotting, respectively (12, 14) . A sheep anti-␥-ENaC antibody was used for immunostaining (1:100) and Western blotting (1:2,500) (14) . To determine specificity of the anti-ENaC antibodies, we used immunolabeling and Western blot analysis in transiently transfected COS-7 cells and Western blot in mouse lung tissue.
COS-7 cells were plated on eight-well glass slides or 100-mm dishes for immunostaining and Western blot analysis, respectively. Cells were transiently transfected with the ENaC cDNA constructs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions and grown for 48 h before harvesting. To evaluate the rabbit anti-␣ENaC antibody, we used ␣rENaC (where r designates rat) (12) . To evaluate the rabbit anti-␤ENaC antibody for immunolabeling, we used an enhanced green fluorescence protein (EGFP) fusion construct encoding for full-length ␤mENaC (where m designates mouse; EGFP-␤ENaC). To evaluate the sheep anti-␤ENaC antibody for Western blot analysis, we used an EGFP fusion construct encoding for the NH 2-terminal region of ␤rENaC (EGFP␤ENaC I41X). To evaluate the sheep anti-␥ENaC antibody, we used an EGFP fusion construct encoding for the NH 2-terminal region of ␥rENaC (EGFP-␥ENaC L160x). We used EGFP fusion constructs when possible as an independent method to identify transfected cells. All constructs were generated using standard PCR cloning techniques and sequenced to confirm identity.
For immunolabeling, cells were rinsed in PBS and fixed in 4% paraformaldehyde for 10 min before immunolabeling. Samples were blocked with 5% normal donkey serum for 1 h and then incubated with the primary antibodies for 1 h (␣ENaC, 1:200; ␤ENaC, 1:100; ␥ENaC, 1:100). After rinsing with PBS, the samples were incubated with Cy3-conjugated donkey anti-rabbit IgG (1:100, Jackson Immunological, West Grove, PA) or Alexa 546-conjugated donkey anti-sheep IgG (1:1,000; Molecular Probes, Eugene, OR). As controls, samples were treated as above except the primary antibody was incubated overnight at 4°C with the antigenic molecule (ϳ10 g/ml). Samples were examined using fluorescence confocal microscopy (TCS-SP2, Leica Microsystems), and images were prepared in Photoshop and Illustrator (Adobe). Specificity of the anti-ENaC antibodies using immunolabeling is shown in Fig. 1 , A-C. ␣ENaC immunolabeling (Fig. 1A) is blocked by coincubation with the ␣ENaC antigen. The ␤-and ␥ENaC immunostaining is present only the EGFP-labeled cells and blocked by coincubation with the appropriate antigen (Fig. 1, B and C) .
We used standard Western blotting approaches to determine the specificity of the anti-ENaC antibodies. Lysates were obtained by scraping transiently transfected COS-7 cells or homogenizing mouse lung tissue (see below) in lysis solution [50 mM Tris ⅐ HCl-150 mM NaCl, 1% Triton X-100, 1ϫ protease cocktail inhibitor (Pierce, Rockford, IL ), 1ϫ EDTA (Pierce), and 1% sodium deoxycholate]. Samples were sonicated briefly, vortexed, incubated for 20 min and centrifuged at 14,000 g for 20 min. From preliminary experiments, the strongest signals were detected in the Triton X-100-insoluble fraction for COS-7 cells and the soluble fraction for lung tissue. Protein samples (ϳ50 g) were separated on SDS-PAGE gels (7.5, 10, and 12.5%; Bio-Rad, Hercules, CA) using the Criterion System (BioRad). Precision Plus protein standards (Bio-Rad) were used to estimate molecular weight. After electrophoresis, the products were transferred to nitrocellulose at 40 V for 2 h. Membranes were rinsed with PBS and blocked with Odyssey blocking buffer (Li-Cor Biosystems, Lincoln, NE) for 1 h and incubated with the primary antibodies for 3 h. Samples were rinsed in PBS plus 0.1% Tween 20 and then incubated with IR700 dye-conjugated donkey anti-rabbit or anti-sheep IgG for 1 h and rinsed thoroughly. As controls, samples were treated as above except the primary antibody was incubated overnight with the antigen (10 g/ml). Membrane staining (antibody and antibody ϩ antigen) was visualized simultaneously with an Odyssey infrared scanner (Li-Cor). Images were prepared for presentation in Photoshop and Illustrator (Adobe). As shown in Fig. 1 , the anti-ENaC antibodies detected products near the predicted size for ␣ENaC (near 75-80 kDa; Fig. 1D ), EGFP-␤ENaCI41X (34 kDa; Fig. 1E ), and EGFP␥ENaCL160X (45 kDa; Fig. 1F ) and were blocked by coincubation with the antigen.
Anti-ENaC antibody specificity was also evaluated in mouse lung samples. The rabbit anti-␣ENaC antibody detected a product below the predicted size (near 75 kDa; Fig. 1G ) that was blocked by the presence of the antigen. The sheep anti-␤-and anti-␥ENaC antibodies also detected bands near the predicted sizes (70 -75 kDa; Figs. 1, H and I) that were blocked by antigen incubation. Therefore, in both heterologous cells and native tissue, the anti-ENaC antibodies detect products near the expected size, which is blocked by coincubation with the antigens.
Freshly Dispersed mrVSMCs
To disperse mrVSMCs, we used a modification of a previously published protocol (47) . Briefly, dissected renal vessels from male C57BL/6J mice (6 -8 wk; Jackson Laboratory, Bar Harbor, ME) were enzymatically digested in HBSS containing 26 U/ml papain and 1 mg/ml ditheoerythritol for 15 min at 37°C, followed by HBSS plus 2 U/ml collagenase, 1 mg/ml soybean trypsin inhibitor, and 75 U/ml elastase for 12 min at 37°C. The vessels were rinsed with HBSS and gently triturated with a fire-polished plugged Pasteur pipette to dissociate cells. Samples were filtered over a 70-m filter and examined microscopically for dispersion.
ENaC Immunolocalization in Freshly Dispersed mrVSMCs.
To determine ENaC protein expression and localization, freshly dispersed mrVSMCs were fixed in 4% paraformaldehyde while in suspension and then air-dried to glass slides overnight at 37°C. After rehydrating and washing in PBS, samples were permeabilized with 0.1% Triton X-100 and blocked with 5% normal donkey serum or tyramide blocking solution in PBS for 1 h before addition of primary antibodies. Samples were incubated overnight at 4°C with mouse anti-␣-actin (1:200; Sigma), rabbit anti-␣ENaC (1:100; Chemicon), rabbit anti-␤ENaC (1:100), or/and sheep anti-␥ENaC (1:50). Samples were washed with PBS and incubated with secondary antibodies for 1 h. To determine the specificity of the primary antibodies, parallel samples were prepared as above except the primary antibodies were preincubated with the appropriate antigens (10 g/ml). To enhance immunostaining, we used the tyramide amplification system (Molecular Probes) with the rabbit anti-␣ENaC and sheep anti-␥ENaC antibodies. We examined all samples using fluorescence confocal microscopy. Experimental and control (antigen) samples were examined in parallel under identical conditions. Images were captured sequentially to eliminate bleed-through artifacts and prepared using Photoshop 6.0 and Illustrator 10 (Adobe Systems).
mrVSMCs Isolation and Culture
We wanted to determine whether ENaC transcripts are expressed in VSMCs; however, potential epithelial cell contamination in our dissociated VSMC preparation presented a risk for RT-PCR analysis. Therefore, to avoid this, we isolated the VSMCs, using a modified version of a previously published protocol (15) , and grew the cells in culture in the presence of amphotericin B, a potent nephrotoxic agent, to prevent epithelial cell contamination. At each passage, samples were immunoassayed for ␣-actin expression, a smooth muscle cell marker. Briefly, male C57BL/6J mice (6 -8 wk; Jackson Laboratory) were anesthetized with pentobarbital sodium. PBS was flushed through the renal vasculature to clear the blood before perfusing with a 5% suspension of iron oxide particles in media 1 [DMEM (GIBCO) containing 100 U/ml penicillin, 100 g/ml streptomycin, 100 U/ml amphotericin B, and 25 mM HEPES]. The kidneys were rapidly excised and placed in media 1, where they were minced and dispersed by passing through a sterile wire screen (stainless steel, 30 mesh) and collected into 50-ml conical tubes. A magnet was placed against the collection tube to secure the iron-laden microvessels in the tube while the remaining tissue was decanted. The microvessels were placed in media 1 containing 0.6 mg/ml of collagenase type IV (Sigma) and incubated in a shaking incubator at 37°C for 15 min. The vessels were resuspended in media 2 (same as media 1 plus 13 mM NaHCO 3, and 20% FBS) and plated in culture flasks. The VSMCs were incubated in 5% CO2-95% air at 37°C and 98% humidity, and the media were changed every 48 h until confluency. These cells were used between passages 3 and 6 for RT-PCR, immunolocalization, and Western blot analysis.
ENaC Transcript Expression in Cultured mrVMSCs
We used RT-PCR to determine whether ␣-, ␤-, and ␥ENaC transcripts are expressed in cultured mrVSMCs. Total RNA was isolated using RNA Stat-60 (Tel-Test "B"); DNase was treated and reverse transcribed with a reverse transcription system (Promega, Madison, WI). The PCR primer sequences and conditions are listed in Table 1 . PCR products were separated using gel electrophoresis, visualized with ethidium bromide, and sequenced to confirm identity.
ENaC Immunolocalization in Cultured mrVSMCs
Similar methods were used to determine ENaC immunolocalization in cultured mrVSMCs as for the freshly dispersed mrVSMCs.
Western Blot Detection of ENaC Proteins in Cultured mrVSMCs
To determine whether ␣-, ␤-, and ␥ENaC protein were expressed in renal VSM, cultured mrVSMCs were homogenized in lysis buffer Forward and reverse primer sequences, annealing temperature, and predicted product size for PCR amplification of epithelial Na ϩ channel (ENaC) transcripts in cultured mouse renal vascular smooth muscle cells are indicated.
containing (in mM) 50 Tris ⅐ HCl, 150 NaCl, 1% Triton X-100, 2ϫ Halt Protease Inhibitor Cocktail, and 1ϫ EDTA. After homogenization, samples were vortexed, sonicated, and incubated on ice for 5 min. Samples were centrifuged at 16,000 g for 15 min at 4°C to remove insoluble debris. The supernatant was collected, and protein content was determined by Bio-Rad DC protein assay. Proteins (25 g) were separated on SDS-PAGE gel and transferred to a PVDF membrane. Membranes were rinsed briefly in PBS and blocked with Odyssey blocking buffer (Li-Cor Biosciences) for 1 h at room temperature. Blots were probed with rabbit anti-␣ENaC (1:500, Chemicon), sheep anti-␤ENaC (1:1,000), and sheep anti-␥ENaC (1:1,000). All blots were rinsed in PBS plus 0.05% Tween 20 and incubated with Alexa 680-conjugated donkey anti-sheep IgG (1:2,000; Molecular Probes) or IRDye 800-conjugated donkey anti-rabbit IgG (1:2,000; Rockland) for 1 h at room temperature. After they were rinsed in PBS plus 0.05% Tween 20 and had a final rinse in PBS, membranes were examined using the Odyssey infrared imaging system. Images were prepared in Photoshop and Illustrator.
Cannulation of Mouse Interlobar Arteries for Dimensional and Cyotosolic Ca 2ϩ /Na ϩ Analysis
Male C57BL/6J mice (6 -8 wk; Jackson Laboratory) were anesthetized with halothane and decapitated. Kidneys were excised and placed in ice-cold physiological saline solution [PSS; pH adjusted to 7.4 with NaOH, containing (in mM) 130 NaCl, 4 KCl, 1.2 MgSO 4, 4 NaHCO3, 1.8 CaCl2, 10 HEPES, 1.18 KH2PO4, 6 glucose, and 0.03 EDTA]. Kidneys were hemisected, and interlobar arteries (0.5-1 mm length; without side branches; 78 Ϯ 23 m active inner diameter at 75 mmHg, vehicle treated) were dissected from surrounding kidney tissue. Vessels were transferred to a vessel chamber (Living Systems model CH/1/SH, Burlington, VT), and the proximal end of the artery was cannulated with a tapered glass pipette, secured in place with a single strand of silk ligature, and gently flushed to remove any blood from the lumen. Next, the distal end of the vessel was cannulated, and the artery was gently stretched longitudinally to approximate its in situ length and pressurized to 75 mmHg and warmed to 37°C. All vessels were studied under stop flow conditions to eliminate potential effects of flow-induced shear stress. The vessel chamber was mounted on a Nikon Eclipse TE200 microscope equipped with a CoolSnap CCD camera (Roper Scientific, Trenton, NJ). Images were analyzed using MetaMorph software (Universal Imaging, Dowingtown, PA) to determine vessel inner diameter.
Experimental Protocols
Effect of ENaC inhibition on myogenic vasoreactivity. After an initial incubation period (30 min at 75 mmHg), a pressure-diameter curve was generated to determine the effect of ENaC inhibition on myogenic constriction. Arteries were exposed to step-wise increases in intraluminal pressure from 25 to 150 mmHg (25 mmHg steps, 5 min each). Intraluminal pressure was then reduced to 75 mmHg, and arteries were equilibrated for 30 min with Ca 2ϩ -free PSS (in mM: 130 NaCl, 4 KCl, 1.2 MgSO4, 4 NaHCO3, 10 HEPES, 1.18 KH2PO4, 6 glucose, 0.03 EDTA, and 2 EGTA) to determine the passive pressurediameter curve as described above. This protocol was repeated in the presence of the specific ENaC inhibitors amiloride (1 and 5 M) or benzamil (0.1 and 1 M). The ENaC inhibitors were present in the bath and lumen of the vessel. Myogenic tone was calculated as the percent difference between the active (PSS) and passive (Ca 2ϩ -free PSS) inner diameter at each pressure.
Effect of ENaC blockade on phenylephrine-and ACh-induced vasoreactivity. To determine whether amiloride (1 and 5 M) or benzamil (0.1 and 1 M) altered vasoconstrictor reactivity, we assessed vasoconstriction to the ␣ 1-adrenergic receptor agonist, phenylephrine (PE; 10 Ϫ9 -10 Ϫ5 M) in the presence of amiloride (1 and 5 M) and benzamil (0.1 and 1 M). PE concentration response curves were performed in Ca 2ϩ -free PSS to verify vascular tone was eliminated under Ca 2ϩ -free condition. PE-induced vasoconstrictor responses were calculated as percent of baseline inner diameter. To determine nonspecific effects of amiloride and benzamil on endothelium-dependent vasodilation, we examined responses to the endothelium-dependent dilator ACh (1 M) in arteries preconstricted with PE (10 Ϫ5 M). ACh-mediated vasodilation was calculated as percent reversal of PE-induced vasoconstriction.
Effect of ENaC inhibition on pressure-and KCl-induced increases in cytosolic Ca
2ϩ and Na ϩ . Fluorescence ion indicator dyes calcium orange-AM and sodium green-AM (Molecular Probes) were used to determine the effect of ENaC inhibition on pressure-and KCl-induced increases in cytosolic Ca 2ϩ and Na ϩ . Mouse interlobar arteries were cannulated as described. Pressurized arteries (75 mmHg) were simultaneously loaded abluminally with calcium orange and sodium green (2 M in PSS and 0.05% pluronic acid) and incubated for 30 min at 37°C in the dark. After dye loading, vessels were rinsed three times over 15 min with PSS (37°C) to wash out excess dye to allow for hydrolysis of AM groups by intracellular esterases. The indicator dyes were excited using a Lamba DG4 high-speed filter changer (Sutter Instruments, Novato, CA) and standard tetramethylrhodamine isothiocyanate and fluorescein isothiocyanate excitation/emission filter sets. Changes in Ca 2ϩ fluorescence (FCa) and Na ϩ fluorescence (FNa) intensity in response to an increase in intraluminal pressure from 50 to 125 mmHg (one step) and KCl (50 mM) were assessed from background-subtracted fluorescence images collected at 1 frame/s (over 5 min) using a high-speed, high-sensitivity Pentamax intensified CCD camera (Princeton Instruments, Roper Scientific, Trenton, NJ). Background fluorescence was collected before dye loading. Changes in F Ca and FNa intensities were calculated as the percent increase from baseline (for KCl) and 50 mmHg (for pressure). In a few vessels, we evaluated the effect of amiloride and benzamil on baseline F Ca and FNa by recording fluorescence intensity before and after administration of the inhibitors.
Statistics
All data are expressed as means Ϯ SD. A one-way ANOVA or two-way ANOVA with repeated measures was used to make comparisons where appropriate. Differences among groups were compared using the Student-Newman-Keuls test. Statistical significance was considered at P Ͻ 0.05.
RESULTS

ENaC Immunolocalization in Freshly Dispersed mrVSMCs
In freshly dispersed mrVSMCs, we were unable to detect expression of ␣ENaC protein, even after signal amplification using the tyramide amplification system (Molecular Probes) (Fig.  2B) . Expression of ␤-and ␥ENaC proteins was detected in ␣-actin-labeled dispersed VSMCs and was blocked by incubation with the corresponding antigens (Fig. 2, C and D) . As shown in Fig. 2E , ␤-and ␥ENaC are expressed within the same cell.
Immunostaining for ␤-and ␥ENaC was similar to ␣-actin, suggesting they are expressed at or near the cell membrane.
ENaC Expression in Cultured mrVSMC
Using RT-PCR, immunolocalization, and Western blotting, we detected expression of ␣-, ␤-, and ␥ENaC transcripts and proteins in cultured mrVSMCs (Fig. 3) . ENaC immunostaining was punctate in nature and localized primarily within the cytoplasm; however, occasional perinuclear staining was also observed. With the use of Western blot analysis, anti-ENaC antibodies detected major bands near the predicted molecular weights of ENaC molecules (70 -78 kDa) in cultured mrVSMCs.
Effect of ENaC Inhibition on Myogenic Vasoreactivity
To determine whether ENaC proteins are required for myogenic constriction, we evaluated myogenic constriction in isolated mouse interlobar arteries in the presence and absence of the specific ENaC inhibitors amiloride and benzamil. Under control conditions (Ca 2ϩ -containing PSS) mouse interlobar arteries constricted in response to an increase in intraluminal pressure, whereas, when Ca 2ϩ is removed from the bath, vessels distend passively to increases in intraluminal pressure (Fig. 4A) . In control vessels, myogenic tone developed in a pressure-dependent manner and reached ϳ60% maximal myogenic tone at higher pressures. Amiloride (Fig. 4B) and benzamil (Fig. 4C) inhibited the development of myogenic tone by preventing active vasoconstriction. Passive inner diameter was not altered by amiloride or benzamil at any pressure point (data for 75 mmHg shown in Table 2 ).
Effect of ENaC Blockade on PE-and AChInduced Vasoreactivity
To determine whether amiloride and benzamil block vasoconstriction, per se, or specifically block stretch-mediated vasoconstriction, we evaluated vasoconstrictor and vasodilatory responses in isolated mouse interlobar arteries. As shown in Fig. 5 , amiloride and benzamil did not inhibit PE-induced vasoconstriction (Fig. 5, A and B) or ACh-induced vasodilation (Fig. 5C) . These results indicate amiloride and benzamil blockade of myogenic constriction is not due to an inability of the arteries to constrict.
Effect of ENaC Inhibition on Pressure and KCl-Induced Increases in Cytosolic Ca
2ϩ and Na ϩ We used fluorescence ion indicator dyes to determine whether ENaC blockade with amiloride or benzamil altered F Ca and F Na intensity associated with pressure-induced stretch. Fluorescence intensity did not change during pre-and post treatment with amiloride and benzamil, suggesting neither affect baseline fluorescence intensity (Table 2) . Raising intraluminal pressure from 50 to 125 mmHg increased F Ca and F Na intensity, whereas amiloride (5 M) and benzamil (1 M) abolished pressure-induced increase in F Ca and F Na intensity (Fig. 6A) . Summarized data are shown in Fig. 6 , B and C. In contrast to pressure-induced changes, amiloride and benzamil did not inhibit KCl-induced increase in F Ca intensity (Fig. 6D) . Rather, benzamil treatment significantly increased KCl-induced F Ca intensity compared with vehicle controls; the opposite of what we would predict if benzamil inhibited vasoconstriction by nonspecifically blocking Ca 2ϩ mobilization. KCl did not increase F Na intensity (Fig. 6E) . Although voltagegated Na ϩ channels have been reported in VSMCs isolated from conduit arteries (8, 27, 39, 41), they have not been identified in resistance vessels. Therefore, we do not expect high KCl (depolarizing stimulus) to increase F Na intensity. Together, these results indicate amiloride and benzamil specifically block pressure-induced ion transients.
DISCUSSION
The aim of this study was to determine whether DEG/ENaC proteins are required for myogenic constriction. Results from our investigation indicate 1) ENaC transcripts and proteins are expressed in renal VSMCs and 2) DEG/ENaC activity is required for pressure-induced constriction and increases in cytosolic Ca 2ϩ and Na ϩ . These data suggest DEG/ENaC proteins are required for myogenic constriction and support our hypothesis that DEG/ENaC proteins may act as mechanosensors that respond to changes in intraluminal pressure in vascular tissue.
Resistance vessels across many vascular beds respond to increases in blood pressure by constricting, a mechanism important for maintaining blood flow autoregulation. This response is independent of neural, metabolic, and hormonal vasoactive factors, but rather, initiated by conversion of a mechanical stimulus (pressure) into a cellular event (depolarization/constriction). Numerous molecules have been considered as potential mechanotransducers, including 1) membranebound enzyme systems, 2) activation of transporters and exchangers, and 3) mechanosensitive ion channels (10) . The latter has been the focus of several recent studies that suggested mechanosensitive cation-selective channels initiate pressureinduced contraction by depolarizing VSMCs past the threshold for activation of voltage-gated Ca 2ϩ channels (9, 22, 29, 38, 42, 46) . DEG/ENaC proteins are expressed in a diverse range of species and cell types, where many are known to form cationselective ion channels (33) . Genetic evidence suggested that many DEG/ENaC family members are required for normal mechanosensation (7, 11, 21, 37, 44) . Investigations regarding the role of DEG/ENaC proteins in mammals have focused mainly on mechanotransduction in neuronal cells (13, 18, 34) . Recently, our laboratory investigated the potential role of DEG/ENaC proteins as mechanosensors in VSMCs (14) . In the present study, we aimed to determine whether ENaC proteins are involved in the renal myogenic response. To begin to address the hypothesis that DEG/ENaC proteins form mechanosensitive ion channel complexes in VSMCs, we wanted to determine whether ENaC transcripts and proteins are expressed in mouse renal VSM. There are at least four known ENaC proteins in mammals, ␣, ␤, ␥, and ␦, although the latter has not been fully characterized. In cultured mrVSMCs, we detected ␣-, ␤-, and ␥ENaC transcript and protein expression. However, in freshly dispersed mrVSMCs, we only detected ␤-and ␥-but not ␣ENaC protein. Although this is consistent with recent studies in our laboratory in rat cerebral VSMCs (14) , most heterologous expression systems require coexpression of ␣ENaC, with ␤-and ␥ENaC, to generate constitutive ENaC activity (6) . The lack of ␣ENaC expression in fresh, but not cultured, VSMCs raises two very important questions. First, is ␣ENaC required to form a channel? Second, why, and how, is ␣ENaC expression activated in cultured VSMCs?
The lack of ␣ENaC expression does not necessarily imply that ␤-and ␥ENaC are unable to form a channel. Recent studies by Rossier and colleagues (4) demonstrated amiloridesensitive current is present 6 days after ␤␥rENaC expression in oocytes. These data suggest that ␤ and ␥ can form a channel without ␣. In addition, ␤-and ␥ENaC may require associated proteins, not present in the heterologous expression system, to mechanically gate the channel. We speculate that, in mechanosensitive tissue, ␤␥ENaC subunits form the pore of the channel and interact with integrins, extracellular matrix, and cytoskeletal proteins to form a larger mechanosensitive complex. This is supported by recent findings that accessory cytoskeletal proteins are required to mechanically gate a mechanosensitive channel formed by DEG proteins in C. elegans (37) .
Unlike freshly dispersed cells, we readily detect ␣ENaC protein in cultured mrVSMCs. This is not limited to mrVSMCs but also occurs in other cultured VSMC preparations (A10 and SV40LT cells; data not shown). The explanation for this finding is not known. However, we speculate ␣ENaC expression in cultured VSMCs may represent an artifact of culturing, since expression of other ion channels and smooth musclespecific proteins required for contraction are also altered after culture (43, 48) . Alternatively, it is possible that the expression of ␣ENaC in freshly dispersed mrVSMC is suppressed below our detectable range. Substances present in the culture media may stimulate ␣ENaC expression or factors that normally suppress ␣ENaC expression in vivo are absent in culture. These results raise the possibility that ␣ENaC expression in VSMCs may be regulated by hormonal, paracrine, or autocrine substances, as other investigators have shown (3, 16, 19) . It remains unclear whether ␣ENaC is expressed in VSMCs in vivo.
To demonstrate a role for ENaC proteins in myogenic constriction in mouse renal interlobar arteries, we evaluated constrictor responses following ENaC inhibition with amiloride and benzamil. Similar to recent work by our laboratory and others (14, 24, 40) , pressure-induced constriction is sensitive to amiloride, suggesting ENaC proteins may be required for myogenic constriction. The specificity of amiloride and benzamil blockade is critical to interpretation of the data. At concentrations Ͼ10 -100 M, amiloride and benzamil can block other transporters, exchangers, and channels that can indirectly alter contractility (31) . Although amiloride and benzamil are considered to be specific for ENaC proteins at the concentrations used in this study, this has not been conclusively demonstrated. We show that 5 M amiloride and 1 M benzamil, concentrations that abolish myogenic constriction, do not inhibit vasoconstrictor responses to PE or vasodilatory responses to ACh. The data indicate that amiloride and benzamil block pressure-induced vasoconstriction, not vasoconstriction, per se. The ability of amiloride and benzamil to specifically block ENaC is also supported by our finding that amiloride and benzamil abolish pressure-induced increases in intracellular Ca 2ϩ and Na ϩ , without decreasing KCl-induced Ca 2ϩ increases. Although we cannot rule out pressure-induced intracellular release of Ca 2ϩ , these studies suggest both Ca 2ϩ and Na ϩ constitute the pressure-induced current that is dependent on ENaC proteins.
The role of ENaC proteins in the regulation of blood pressure has been described in kidney epithelial cells, where these channels play a rate-limiting role in Na ϩ and water transport. The present investigation demonstrates that ENaC proteins may also contribute to blood flow regulation, perhaps in their role as components of mechanosensitive ion channel complexes activated by stretch. The profound effect of ENaC blockade on myogenic constriction suggests this protein family may contribute significantly to renal autoregulation. Although our data are consistent with our hypothesis, they do not conclusively prove DEG/ENaC proteins are components of mechanosensitive ion channel complexes in VSM cells. Genetic models, such as ENaC knockout mice, are not feasible for investigation because the animals die shortly after birth due to defects in salt and water transport (1, 25, 35) . Future experiments are needed to address the requirement of specific DEG/ ENaC proteins for myogenic constriction using alternative tissue-targeted gene-silencing approaches.
